Translation in eukaryotic cells is both physically and temporally separated from transcription. This provides cells with extended options to alter their proteome: (1) directly, by synchronising translation with an altering transcriptional profile; (2) by imposing a changed translational control over transcripts already present in the transcriptome; or (3) by a combination of (1) and (2). In this paper, recent findings in the controlled translation of the transcriptome using microarray analyses are reviewed. A guide to the current technologies and data analysis is also provided, and future directions in the study of translational control as the interface between the transcriptome and the proteome are outlined. This survey is focused on the yeast Saccharomyces cerevisiae, but the topics covered have universal relevance to the control of translation in eukaryotic cells.
INTRODUCTION
The emergence of genome-wide analyses to interrogate cellular DNA, RNA and protein content has revolutionised the study of control networks that mediate cellular homeostasis. This change has been, to a large extent, driven by the annotation of the genome sequences of diverse species, the scope of microarray analyses and the increasing sophistication of proteomics. For instance, extensive transcriptome profiling in model organisms has revealed tendencies towards a coordinated transcription of genes in functional categories, 1, 2 and the gene targets of specific transcription factors have been further defined by a combination of chromatin immunoprecipitation with array analysis (ChIP-Chip). 3, 4 Interestingly, together with classical molecular cell biology, these new technologies are revealing that processes that were once thought to be distinct, such as transcription and messenger RNA (mRNA) maturation and export, are in fact intimately coupled. The mRNA capping, splicing and polyadenylation machineries, for example, are co-transcriptionally recruited to the RNA polymerase II machinery, their activity being modulated by the carboxyterminal domain of the polymerase (reviewed in refs. 5À9). Even in the cytoplasm, the 'nuclear experience' of a mRNA still matters, as evidenced by the importance of splicing for efficient translation 10, 11 and for the triggering of translation-associated degradation of aberrant mRNA through nonsensemediated decay. [12] [13] [14] The use of DNA microarray analysis to simultaneously monitor transcriptome and translational changes in Saccharomyces cerevisiae [15] [16] [17] [18] now reveals that aspects of this coupling of transcription to downstream processes may extend to the translation of the transcriptome in the cytosol. Specifically, significant trends for a co-directional response on the level of transcriptome abundance as well as mRNA translation were observed in different physiological contexts that represent a form of 'potentiated' gene regulation. 16 Furthermore, these studies and the accumulated literature on translational control also provide multiple examples of specific mRNAs whose translation is uncoupled from such general trends. The translational state of the cellular transcriptome at any given time can thus be seen as a combined result of these different control measures. This may go some distance in explaining the broad correlation between transcriptome and proteome data as well as significant discrepancies for many individual genes. [19] [20] [21] [22] This paper focuses on these intriguing aspects of translational control, and the experimental techniques that are required to investigate it. Additional information on this topic and related issues may be found in other recent reviews. [23] [24] [25] MONITORING THE TRANSLATION OF THE TRANSCRIPTOME BY MICROARRAY ANALYSIS mRNA translation is an intricate process that takes place on ribosomes and is subject to multiple layers of control. [26] [27] [28] A simplified schematic illustrating the key points in the initiation, elongation and termination of translation is shown in Figure 1A . The molecular cues that regulate both the translation machinery and the translational fitness of each mRNA are many and varied. 29, 30 For instance, the activity of many of the accessory factors -those required for initiation, in particular -is controlled at the level of protein phosphorylation and/ or stability. A typical cellular mRNA requires the 59 cap structure and the 39 poly(A) tail for efficient translation. In addition, a variety of regulatory elements that can impact on translation are known to reside in the untranslated regions of a growing list of mRNAs (see Figure 1B for further details).
A reliable measure of the translation of cellular mRNA is the degree of its association with ribosomes. Since the rate of initiation usually limits translation, most translational responses will alter the ribosome density on a given mRNA. 31 Actively translated mRNAs are typically bound by several ribosomes (polysomes) and can be separated from individual 40S and 60S ribosomal subunits and 80S monosomes by centrifugation through a linear sucrose gradient (see Figure 2A) . In a typical experiment, fractions from the polysome gradient are collected and assayed for the mRNA of interest by Northern blot analysis. This establishes a 'polysome profile' for the mRNA, where actively translated mRNA molecules are distributed in the polysome fractions and translationally dormant messages found in 80S peak and lighter fractions of the gradient.
In recent years, several laboratories have extended this technique into a genome-wide tool by combining it with microarray analyses (Figure 2 ). The first implementations of this powerful combination were published in 1999, 32, 36 and that has allowed researchers to shift focus from studying a limited number of favourite genes to monitoring simultaneously the translation state of significant portions of the transcriptome in yeast [15] [16] [17] [18] 37 and mammalian cells. [32] [33] [34] [35] [36] These studies have approached the design of such translational profiling experiments in different ways, each with its inherent advantages and disadvantages (see Figure 2 for a detailed description). For instance, comparisons between larger portions of the gradients, as depicted in Figure 2A and B, require less input material and fewer array experiments; however, they will fail to resolve regulatory shifts in mRNA profiles that may occur predominantly within or outside the demarcated areas. Highresolution comparisons of multiple fractions of the gradients ( Figure 2C , 2D) can overcome this limitation but require more input material and are microarray intensive. protein. 21 This figure agrees well with an earlier study using a smaller dataset and, given the differences in average half-life between mRNAs and proteins, this suggests that a typical mRNA molecule is translated roughly 1,000 times. 19 Accordingly, Avara et al. 37 found by highresolution translation state arrays analysis (see Figure 2C ) of rapidly growing yeast that, for most expressed genes, the majority of transcript molecules (71 per cent) were associated with polysomes. 16 The positions of polysomes, monosomes (80S), large (60S) and small (40S) ribosomal subunits are indicated. RNA is isolated from individual gradient fractions and pooled for subsequent microarray analysis as indicated below the absorbance profiles. Trace amounts of heterologous RNAs are often added before extraction as a recovery control and/or to aid in array normalisation. Several schemes for subsequent competitive array hybridisations (using spotted glass arrays) are possible. Other array platforms may also be used with some modifications. [32] [33] [34] [35] (A) Pooled fractions corresponding to the well-translated polysomal mRNAs are compared with fractions comprising poorly translated, subpolysomal mRNAs within the same gradient, yielding a distribution ratio between these pools for each mRNA in a given condition. [15] [16] [17] Performing the same analysis for two different cellular conditions further affords the detection of changes in these mRNA 'translation state' ratios. As these measurements are based on ratios between pools within the same gradient, they are independent of parallel changes in transcriptome composition. (B) Polysomal pools are compared between gradients. 15, 36 In this case, the array detects a composite ratio that represents both changes in mRNA abundance as well as redistribution between gradient fractions. A normalisation to ratios from a parallel transcriptome array analysis may be used to reveal the specific translational component. (C) Comparison of each gradient fraction to a common reference (typically, total RNA from the same cell culture) on separate arrays is used to construct absolute mRNA distribution profiles within the gradient (upper panel). 18, 37 Partitioning of the gradient into multiple fractions (up to 12 or more) yields high-resolution information for each detectable mRNA (lower panel) that is analogous to a conventional Northern blot loaded with equal portions of the gradient fractions. As in (A), this analysis can be done for two different cellular conditions to detect changes in mRNA profiles and is independent of parallel changes in transcriptome composition. (D) A high-resolution variant of (B), whereby individual fractions of a reference gradient are compared with the equivalent counterpart in the test gradient (upper panels). 16 The arrays in this series again detect a composite ratio for each gene. One component that is constant through all arrays is due to the change in mRNA abundance from reference to test condition. The other component varies between the arrays and derives from the redistribution of mRNA between the gradient fractions. Normalising the ratios of each mRNA to the median ratio of that mRNA across all arrays can eliminate the constant transcriptome change component. The resulting profiles (lower panel) are indicative of changes in translation. For instance, an mRNA that retains an unchanged gradient profile in both cellular conditions is represented by a flat horizontal line, whereas an mRNA that is mobilised into the polysomal part of the gradient in the test condition scores ratios higher than one in the heavy region of the gradient at the expense of the ratios in the lighter fractions. An mRNA that shifts to the untranslated region of the gradient in the test condition will show an approximately opposite array ratio trend Additionally, they found that most of the cell's ribosomes (85 per cent) were actively involved in translation. Thus, transcriptome volume and the translational capacity of the cell are well matched, highlighting the level of coordination between the transcriptome and the nascent proteome. Further analysis of this dataset revealed that, as expected, the number of ribosomes tends to increase with the length of the open reading frame (ORF), whereas, surprisingly, there is a strong inverse correlation between ribosome density and ORF length. Ribosome density was, on average, one ribosome per 156 nucleotides of ORF; only approximately one-fifth of the expected maximum packing density. This is a strong confirmation of the general notion that translation of most mRNAs is limited by initiation. Finally, the data also revealed groups of mRNAs that were translated well below expectation (43 mRNAs mostly not associated with ribosomes; 53 mRNAs predominantly associated with a single ribosome). These included previously identified cases of translational control such as the transcripts for HAC1, GCN4, CPA1 and ICY2 (YPL250c), suggesting that many of the other members in these groups could be similarly regulated.
THE TRANSLATION OF THE YEAST TRANSCRIPTOME
Salient aspects of the above have been independently confirmed by both pool comparisons (increase in ribosome association with ORF length; 16, 17 see Figure 2A ) and high-resolution analysis (inverse correlation between ribosome density and ORF length; Figure 2C ). In addition, a positive correlation between favourable codon adaptation index values and ribosome density has been noted. No marked genome-wide correlation was found between mRNA abundance and polysome association. 17, 18 Kuhn et al.
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directly addressed this issue by expressing a reporter mRNA at different steady-state levels using the tetracycline-repressible transcription system. The association of the reporter mRNA with polysomes was similar at all expression levels tested.
CHANGES IN TRANSLATION OF THE TRANSCRIPTOME IN RESPONSE TO EXTERNAL CUES
The profiling techniques described above are also well suited to the discovery of general and mRNA-specific changes in the translation state of the transcriptome in response to regulatory stimuli. Several such cues have been analysed in this way, including a rapid transfer from a fermentable to a non-fermentable carbon source, 15 inhibition of the TOR signalling pathway, heat shock response, 16 response to mating pheromone and recovery from cell cycle arrest. All of these studies have also performed conventional transcriptome profiling in parallel, affording a comparison between regulatory trends at both levels.
In the authors' own work, the treatment of cells with the macrolide drug rapamycin (a potent inhibitor of the TOR kinase) and exposure of cells to a rapid temperature shift from 258C to 378C were chosen for analysis. 16 Both treatments induce a general attenuation of protein synthesis and signature profiles of transcriptome changes. The responses on the transcriptome level have overlapping features that comprise a generic environmental stress response. 38, 39 Using both pool comparisons (Figure 2A ) and high-resolution methods ( Figure 2D ) for the analysis of rapamycin effects, reliable translation state data were obtained for 1,646 mRNA. Most mRNAs in this set follow the global translational trend, but two groups of approximately 180 mRNAs each displayed either translational hypersensitivity or resistance to the treatment. Analysis of the transcripome profiling data for these 'translational outliers' revealed a remarkable trend: around 40 per cent of the mRNAs that are preferentially associated with polysomes in rapamycintreated cells also show increased transcriptome abundance in response to the drug. Conversely, approximately 50 per cent of mRNAs that are withdrawn mRNAs are packed with ribosomes only at submaximal density, confirming that translation is limited predominantly by rates of initiation from polysomes tend also to be downregulated in their abundance. This association of homodirectional transcriptome and translation changes persists even when genes are subdivided into functional groups. For instance, nearly all detectable cytoplasmic ribosomal protein (RP) genes exhibit a negative effect on both levels, whereas the majority of nitrogen discrimination pathway mRNAs are more abundant and better translated in treated cells. These coregulatory trends on both levels exert an amplifying effect on gene expression, which was referred to as 'potentiation'. Qualitatively similar aspects of such coregulation were also noted during heat shock 16 and all other external cues tested so far. For instance, the RP genes also display potentiation in response to a rapid shift of carbon source 15 and, after release from cell cycle arrest, significant proportions of mRNAs with an altered translation state also exhibit parallel changes in abundance (35 per cent after release from alpha-factor arrest; 57 per cent after shift of a temperature-sensitive cdc15 strain to the permissive temperature).
The mechanistic basis of the potentiation phenomenon is currently unknown. Simple explanations such as a correlation with the age of mRNAs or their absolute abundance can be discounted. Potentiation is observed at different times after the regulatory cue, including times when the transcriptome has largely turned over, 16 and several studies document a lack of overall correlation between absolute abundance and mRNA translation. [15] [16] [17] [18] A plausible model would posit that all newly-induced mRNA species have an intrinsic feature (ie a sequence or structural motif in their 59 or 39 untranslated region (UTR); see Figure 1B ) that would allow them to perform appropriately under the changed translation conditions. In this context, it is interesting to note that yeast RP mRNAs have 35 per cent shorter 39 UTRs than average 40 and have tightly matched, and short, half-lives. 41 Unpublished data cited by Khun et al. 15 suggest that transfer of RP 39 UTRs to reporter constructs mimics their polysomal exit pattern; potentiation is, however, seen with different external stimuli and different groups of mRNAs, suggesting that, in this model, each mRNA may require a combinatorial set of UTR motifs that would allow such a differential response. 42 In another possible scenario, potentiation would be primarily driven by altered gene transcription frequency. As already detailed in the introduction, the transcription process influences the posttranscriptional fate of mRNAs. A 'molecular memory' of the transcriptional activity of each gene would associate with each mRNA molecule. This could be a modulation of the gene-specific polyadenylation state of the transcript, or an altered packaging of the mRNA into mRNPs. 16 Either of these effects can mediate changes in translation (see Figure 1) . 28, 43, 44 All translational profiling studies that have analysed regulatory changes in yeast have also yielded variable numbers of mRNAs that are candidates for translational control independent of any transcriptome change. In general, such classic cases of translational regulation are most prevalent and well characterised in more complex organisms and particularly during early embryonic development. 43, 45 The paradigm for such control in yeast is the GCN4 transcript, 46 which encodes a transcription factor that is activated by amino acid starvation and other stress conditions and which controls transcription of amino acid biosynthetic and related genes. The translation of GCN4 mRNA is regulated by four short upstream ORFs (uORFs) in the 59 UTR (see Figure 1B) , which inhibit initiation at the main ORF under nutrient-rich conditions. During nutrient starvation, the Gcn2p kinase phosphorylates the pivotal initiation factor eIF2, leading to a de-repression of GCN4 mRNA translation. HAC1 mRNA is translationally controlled through an unusual cytoplasmic splicing event. In Co-regulatory trends on the levels of transcriptome abundance as well as translation efficiency can amplify changes in gene expression Cases of mRNA-specific translational control against prevailing trends are also found unspliced HAC1 mRNA, an intron at the 39 end is thought to base pair with complementary sequences in the 59 UTR blocking translation (see Figure 1B) . 47 Both HAC1 and GCN4 mRNAs were found by microarrays among the very poorly translated mRNAs in nutrient replete cells, 18, 37 as was the ICY2 mRNA. 37 Translational profiling of the carbon source shift 15 detected the HAC1 and ICY2 mRNAs as selectively mobilised into polysomes after the treatment, despite showing little change in transcriptome abundance. This led to the novel conclusion that unspliced HAC1 mRNA is blocked at the level of translation initiation, 15 in addition to the previously reported elongation step.
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ICY2 is a gene with uncharacterised function. By analogy to the case of GCN4, the discovery of a translational activation of the ICY2 mRNA during the carbon source shift may indicate that the encoded protein has an important function during the adaptation to a nonfermentable carbon source.
PERSPECTIVE
In summary, genome-wide translational profiling as detailed in this paper has proven itself to be a useful tool in measuring the translation of the transcriptome. The general parameters that govern the interaction between mRNAs and ribosomes have been described for the first time in a truly representative fashion and novel patterns of regulated gene expression have been discovered. As the technique is further refined, a challenge for the future will be to integrate it further with other approaches in functional genomics. The promise that a comprehensive knowledge of mRNA translation states could help to bridge the gap between transcriptome and proteome data has not fully been realised. It is clear that features of the mRNA itself, as well as its interaction partners, influence its translational performance. More sophisticated bioinformatic analyses of mRNA sequences and structural aspects will thus aid in the interpretation of translational profiling data. Additionally, genome-wide analysis of other mRNA characteristics, and the association of mRNAs with different proteins or subcellular structures, is becoming experimentally accessible through other 'post-transcriptonal' microarray techniques. Microarrays have been used to measure mRNA stabilities, 41 to identify a short poly(A) phenotype 48 and to study mRNA association with membranes or cellular organelles. 49, 50 By analogy to the ChIP-Chip idea, approaches to combining ribonucleoprotein complex immunoprecipitation with microarray analysis (ie RIP-Chip) have been worked out. 44, [51] [52] [53] The ultimate goal is to combine data generated by many such techniques to describe comprehensively the post-transcriptional fate of the cellular transcriptome. 
